(1-x)Na 0.5 Bi 0.5 TiO 3 -xKNbO 3 (NBT-xKN) ceramics, with x in the range 0.01 to 0.09, were prepared by solid state reaction and conventional sintering. A progressive transformation from a nano-polar to a long-range ordered ferroelectric phase was observed after the application of a cyclic electric field with an amplitude of 5 kV mm -1 . It is shown by analysis of the crushed ceramic pellets, using high resolution synchrotron x-ray diffraction, that the application the cyclic electric field induced an irreversible transformation from a pseudo-cubic nano-polar phase to a rhombohedral ordered ferroelectric phase having R3c symmetry. Furthermore, a systematic variation, from 89.6° to 90°, was observed in the rhombohedral interaxial angle as the KN content increased from 1 to 9%. By comparing the structural evidence with the ferroelectric polarization-electric field hysteresis loops, it is shown that the electric field-induced transformation is partially reversible for NBT-5KN and completely reversible or nonexistent for NBT-9KN.
Introduction
Piezoelectric materials have been widely used in many applications for over 100 years due to their unique electro-mechanical properties. So far, the most popular and widely used piezoelectric ceramic is lead zirconate titanate (PZT), which is used in many applications such as actuators, sensors and transducers. 1 Superior piezoelectric coefficients and polarization have been obtained for compositions close to the morphotropic phase boundary (MPB) between rhombohedral and tetragonal phases. However, to deal with contamination by lead/lead oxide in the environment, lead-free piezoelectric ceramics have been investigated extensively over the past few decades and are gradually moving towards practical device applications. 2 Na 0.5 Bi 0.5 TiO 3 (NBT), a perovskite-type relaxor-ferroelectric ceramic, is considered to be a promising candidate due to its large remanent polarization and relatively high Curie temperature. 3 Also further investigations have been done to analyse its structural phase transformations and electrical properties. 4, 5 However, in order to overcome its high coercive field 6 (E c =7.3 kV mm -1 in single crystal form) and to make use of on MPB to achieve the best piezoelectric properties, many solid solutions have been created by incorporating NBT into binary or ternary systems.
For example, a large electric field-induced strain of 0.29% and a normalized d 33 * value of 488 pm V -1 were obtained for materials in the Na 0.5 Bi 0.5 TiO 3 -SrTiO 3 (NBT-ST) system. 7 A high strain value of 0.45% was attained under a field of 8 kV mm -1 for compositions near the MPB in the Na 0.5 Bi 0.5 TiO 3 -BaTiO 3 -K 0.5 Na 0.5 NbO 3 (NBT-BT-KNN) system. 8 Furthermore, a MPB was located in the ternary system Na 0.5 Bi 0.5 TiO 3 -K 0.5 Bi 0.5 TiO 3 -KNbO 3 (NBT-KBT-KN), leading to a d 33 value of 215 pC N -1 at a field of 4-5 kV mm -1 . 9 The so-called 'giant' electric field-induced strains in NBT-based systems have been attributed to a field-induced phase transformation. 10 For example, an electric field-induced phase transformation from rhombohedral to mixed phases of rhombohedral and tetragonal occurred under a field of 2 kV mm -1 in the NBT-xKBT system, 11 and a pseudo-cubic to tetragonal phase transformation took place under 3 kV mm -1 in the NBT-xBT system.
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KNbO 3 (KN) is a well-known ferroelectric compound and is considered to be a useful component of lead-free piezoelectric ceramics due to its high Curie temperature, T c = 435 °C, and large spontaneous polarization, P s = 0.30 C m -2
. 13 In common with barium titatane, it has a sequence of phase transitions at temperatures of approximately -50 °C, 225 °C and 435 °C from rhombohedral to orthorhombic to tetragonal to cubic. 13, 14 By using the MPB between a ferroelectric and anti-ferroelectric phase, KNbO 3 can be combined with NaNbO 3 to form one of the best known lead-free piezoelectric solid solutions, K 0.5 Na 0.5 NbO 3 . 15 For the NBT-xKN system, a MPB between rhombohedral and pseudo-cubic phases was identified at approximately x=0.05 by Fan. 16, 17 A further investigation by Hiruma 18 suggested that the pseudo-cubic phase actually has a tetragonal structure.
According to a different report, by Pisitpipathsin, 19 a mixed-phase of both rhombohedral and orthorhombic was observed at x=0.05. However, the combination of small rhombohedral distortion and peak broadening gives rise to overlapping of diffraction peaks in the mixed-phase region, which hinders the unambiguous identification of crystal structure without more detailed full-pattern refinement. Recently, promising electro-caloric properties were reported for NBT-0.06KN but there was no investigation of the phase composition in those studies. 20, 21 It was shown in a previous publication 22 that NBT-xKN ceramics with x = 0.02 to 0.08 appear to have a pseudo-cubic structure in the as-sintered state but also exhibit well-formed P-E hysteresis loops for certain compositions, indicating the presence of a ferroelectric phase. Furthermore, it was found that the application of a high electric field during the measurement procedure induced a transformation to a ferroelectric phase having rhombohedral symmetry with a strong degree of preferred orientation. Also, ferroelectric and dielectric properties were investigated to provide an indication of the reversibility of the electric field-induced phase transformation.
The aim of the present study was to determine unambiguously the effect of a high electric field on the crystalline phases present in NBT-xKN ceramics, making use of high resolution synchrotron X-ray powder diffraction (SXPD) and full-pattern refinement to evaluate their crystallographic parameters. Potential issues associated with preferred orientation and anisotropic lattice strain induced by poling 22 have been addressed by the use of crushed pellets during the analysis. It was shown previously that such a method is a valid approach to providing a stress-free and randomly-oriented powder, which is a suitable subject for full-pattern refinement procedures. 23 , 24 Garg et al. observed that the process of mechanical crushing induced a slight change in the XRD peak profiles of NBT-BT ceramics, which was similar to but not as pronounced as the effect of electrical poling. 23 In the present case, we assume that such an effect, if present, did not have a significant influence on the crystal structure of the poled ceramics.
Experimental Methods
Analytical-grade powders: Na 2 CO 3 (99.8%), K 2 CO 3 (99%), Bi 2 O 3 (99%), TiO 2 (99%), Nb 2 O 3 (99%) were used as raw materials to prepare (1-x).NBT-x.KN (x=0.01, 0.03, 0.05, 0.09) ceramics. The mixed powders were milled for 24 h in propan-2-ol using zirconia milling balls and calcined for 10 h at 900 °C to accomplish the solid state reaction. The as-calcined powders were milled again for 24 h to break down the hard agglomerates. The final dry powders were uniaxially pressed into 6.5 mm diameter pellets under a pressure of 150 MPa and sintered at 1180 °C for 3 hours in air.
As-sintered ceramic samples with the highest relative density of approximately 95% were lightly ground, coated by silver paste (Sliver PZT from Gwent group) and fired at 500 °C for 30 mins to form electrodes. For measurement of ferroelectric properties, the specimens were poled in a silicone oil bath by applying at least 40 cycles of a sinusoidal AC electric field of 5 kV mm -1 at a frequency of 2 Hz, until a stable state was achieved. Ferroelectric polarisation-electric field (P-E) and current density-electric field (J-E) loops were obtained using the method described previously. 25 Microstructural examination was carried out using scanning electron microscopy (Phillip XL30) after grinding, polishing and thermally-etching at 1000 °C for 15 mins. Average grain size was estimated by linear intercept method.
Powder-type samples were employed for high-resolution synchrotron x-ray diffraction measurements at beamline I11 26 , Diamond Light Source Ltd., UK. Unpoled ceramic powders were prepared by crushing and grinding as-sintered ceramic pellets by hand using a pestle and mortar, followed by annealing at 550 °C for 30 mins. Poled ceramic powders were also prepared by a similar method from poled ceramic pellets, but without the annealing procedure. It was shown in previous publications 23, 24 that this procedure provides the means to identify the crystal structure of a poled sample after a field-induced transformation, as noted above. The powder samples were loaded into glass capillaries of 0.3 mm diameter. A photon energy of 25 keV was selected to reduce the effect of sample absorption (·r ~ 2.5. where  is the absorption coefficient and r is the diameter if the capillary sample) and the resulting diffraction patterns were recorded using a multi-analyser crystal (MAC) detectors at room temperature. The wavelength of λ = 0.494731(10) Å was calibrated using the diffraction pattern of a high quality Si standard powder (SRM640c). Full-pattern refinements were carried out using Topas refinement software, v3.0. 27 In addition to crystallographic parameters and structural parameters, the lattice parameters and relative phase quantity were obtained from refinements of the SXPD patterns.
Results and discussion
Prior to the diffraction experiments, an alternating electric field with amplitude of 5.5 kV mm -1 was applied to the NBT-0.03KN virgin sample at room temperature. It was observed that several cycles of the electric field were required in order to obtain a saturated P-E loop, as shown by the results presented in Figure 1 (a). A maximum polarization (P max ) of 0.30 C m -2 was obtained after approximately 20 cycles of the electric field, remaining approximately constant thereafter. It was noted in a previous publication that a saturated P-E loop would not normally be expected for a relaxor ferroelectric such as NBT-xKN, in which the crystal structure appeared to be pseudo-cubic, 22 indicating that an electric field-induced structural transformation occurred during the measurement procedure. Also, it is evident from Figure 1 (b) that both the remanent and saturation polarisation values (P rem and P max ) increased gradually over a period of 20 cycles, suggesting that this was a progressive transformation. It was found that fewer cycles were required to obtain a stable state for higher KN contents, whereas at least 40 cycles were needed for 1% KN. The microstructures of the NBT-0.03KN and NBT-0.09KN ceramics are illustrated by the micrographs presented in Figure 2 (a-b); the average grain sizes were determined as 2.2 m and 1.5 m respectively. After crushing and grinding, an irregular powder was obtained which comprised individual particles and hard agglomerates with a range of sizes up to 10 m, as illustrated in Figure 2 (c-d). Most importantly, these particles and agglomerates are oriented randomly in the powder, which should enable a texture-free diffraction pattern to be obtained. The presence of agglomerates in the crushed powders could potentially give rise to residual stresses, which in turn could cause anisotropic broadening of the diffraction peaks. 28 Inspection of the measured and calculated diffraction patterns (see discussion below) led to the conclusion that such effects were not a significant factor in the present study. 
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Peak splitting was also evident in the doublet {210} p and triplet {211} p peaks, as shown in Figure 3 .
According to these SXPD results, a rhombohedral distortion was clearly identified for the poled ceramic powders, indicating that the grinding procedure did not cause a reverse structural transformation back to the cubic phase. Similar observations were made by Garg 23 and Rao 24 for the NBT-BT system, as noted above. The polarization-electric field (P-E) and current density-electric field (J-E) relationships obtained for NBT-xKN ceramics (x=0.01, 0.03, 0.05 and 0.09) at room temperature after poling under an AC electric field of 5 kV mm -1 are presented in Figure 4 . Typical ferroelectric behaviour was observed for NBT-0.01KN, with the peaks in the J-E curves being produced by polarization switching at the coercive field. 29 However, the remanent polarization value for this composition (~0.08 C m -2 ) was relatively low, indicating that only a poorly saturated state was obtained due to a high coercive field (> 4 kV mm -1 ). In contrast, the NBT-0.03KN ceramic exhibited more complete ferroelectric switching behaviour at room temperature with a remanent polarization of approximately 0.24 C m -2 ,
suggesting that an irreversible phase transition from weak-polar to ferroelectric-ordered phase had occurred during the measurement procedure. This type of electric field-induced transition has been reported previously by Ma 30 and Guo 31 , who used in-situ TEM to observe a transformation from PNRs to metastable ferroelectric domain structures in NBT-BT solid solutions.
The NBT-0.05KN ceramic also yielded well-saturated ferroelectric hysteresis loops, but displayed split peaks in the J-E curve and a slight constriction in the P-E curve at room temperature. This kind of pinched loop, which has been found previously in NBT-BT-KNN, 32 NBT-BT-Mn 33 and NBT-BT-CaTiO 3 29 solid solutions, has been attributed to the reversible transformation between weak-polar and ferroelectric-ordered phases. The transition in NBT-0.05KN was found to be partially reversible, giving rise to two peaks in the J-E curve which represent the forward electric field (E F ) and backward electric field (E B ) to trigger the switching. 29 Therefore, it is concluded that at room temperature an irreversible transformation from weak-polar to the ferroelectric-ordered phase occurs for x=0.01 and x=0.03, with the process being partially reversible for x=0. Selected regions of the x-ray diffraction patterns obtained for both unpoled and poled ceramic powders having a range of different compositions are presented in Figure 5 (a) and (b) respectively. For the unpoled state, the powders of all compositions were found to be predominantly pseudo-cubic, characterised by single unsplit diffraction peaks for all reflections. The exception was the NBT-0.01KN powder, which was observed to exhibit broad shoulders on the lower-angle side of the diffraction peaks for {111} p , {211} p and {220} p . All peaks shifted to lower angles with increasing KN content, indicating an expansion of the lattice.
In the poled state, the presence of the rhombohedral phase, characterised by a double
{111} p peak and a single (200) p peak, was clearly evident for NBT-0.01KN, NBT-0.03KN and NBT-0.05KN powders. We conclude that the pseudo-cubic (nano-polar) phase transformed into a metastable rhombohedral (ordered-ferroelectric) phase during poling and was retained after crushing into powder for these compositions. The rhombohedral distortion decreased with increasing KN content, with the NBT-0.09KN specimen showing only the pseudo-cubic structure after poling. Full-pattern refinement of the diffractions patterns was undertaken using Topas in order to quantify the phase composition and lattice parameters of the NBT-xKN ceramics both prior to and after poling. For example, the unpoled NBT-0.03KN, which on first inspection appeared to be single phase cubic, was fitted using the R3c space group, yielding a small rhombohedral distortion (see discussion below). For the poled NBT-0.03KN powder, several different single or mixed phase structures were considered including, for example, the Cc monoclinic phase reported by Aksel. 34 However, the best fit was obtained using a single phase R3c rhombohedral space group. The experimental and calculated diffraction patterns are illustrated using four representative reflections in Figure 6 . The best R wp values obtained for the unpoled and poled states were 6.77% and 7.24% respectively. , was identified for the poled specimens containing 1 to 5% KN, which is associated with oxygen octahedral tilting in the R3c rhombohedral phase. 35 A diffuse region was apparent between the split {111} p , {211} p and {220} p peaks, which has been attributed previously to the microstrain associated with ferroelectric domain walls. 28, 36, 37 To facilitate a comparison between the unpoled and poled states, the rhombohedral phase, which is normally indexed according to the hexagonal unit cell, can be transformed to an equivalent pseudo-cubic unit cell through the rhombohedral unit cell, using the relationships given by Megaw 38 and Cullity. 39 The lattice parameter, a R , and interaxial angle,  R , were calculated using equations 1 and 2. Note that the volume of the hexagonal unit cell is three times greater than that of the rhombohedral one. Subsequently, a R and  R for the rhombohedral unit cell can be transformed into a pc and  pc for the pseudo-cubic unit cell according to Equations 3 and 4. Furthermore, the volume of the rhombohedral unit cell is double that of the pseudo-cubic unit cell. The results obtained for the changes in lattice parameter, a pc , and rhombohedral angle,  pc , as a function of composition for the NBT-xKN system are illustrated in Figure 7 . For KN greater than 5%, the powders in the unpoled state yielded  pc = 90°; for the cases of NBT-1KN and NBT-3KN a small rhombohedral distortion was evident, reflecting the slight broadening and asymmetry in certain diffraction peaks shown in Figure 5 above. The lattice parameter, a pc , increased slightly from 3.88812 Å to 3.90146 Å with increasing KN content. For the poled state, a pc , was found to be approximately equal to 3.90135 Å in all compositions, while  pc , increased gradually with increasing KN content showing a reduction in the rhombohedral distortion. This effect can be correlated with the improvement in ferroelectric switching behaviour illustrated in Figure 4 , since the ferroelectric coercive field in perovskites is generally found to scale with the spontaneous strain. In the case of NBT-0.09KN the lattice parameters obtained for the unpoled and poled powders were approximately equal, indicating that the electric field induced no significant changes in the structure of the pseudo-cubic phase. 
Conclusions
The occurrence of an irreversible electric field-induced pseudo-cubic to rhombohedral phase transformation in NBT-KN ceramics was confirmed using high resolution SXPD measurements on powders produced from crushed ceramic pellets. In the unpoled state, the powders had a predominantly pseudo-cubic structure, typical of relaxor ferroelectrics. However, a small rhombohedral distortion could be detected for specimens containing 1% and 3% KN. In contrast, the poled powders containing 1% to 5% KN exhibited a more obvious rhombohedral R3c phase, with the interaxial angle,  pc , increasing from 89.6° to 90° with increasing KN content. The 9% KN specimen retained the pseudo-cubic phase even after application of a high electric field. The observed variations in the rhombohedral distortion are correlated with changes in the ferroelectric polarization switching behaviour, which are affected both by the spontaneous strain, which leads to high coercive fields at low KN contents, and the disruption of the long-range ordered ferroelectric state, which causes constriction of the P-E loops at high KN contents. The study demonstrates that the analysis of crushed ceramic pellets provides a viable method to evaluate the influence of the electric field on phase content and crystal structures of ferroelectric ceramic materials.
